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(57) ABSTRACT

A sulfur-carbon composite including porous carbon mate-
rial, and sulfur, wherein at least a portion of an inside and a
surface of the porous carbon material coated with the sulfur,
the sulfur-carbon composite has a pore volume of 0.180
cm’/g to 0.300 cm®/g, and the sulfur-carbon composite has
an average pore size of 40.0 nm to 70.0 nm, and a method
of manufacturing the same. Also, a method of manufacturing
a sulfur-carbon composite, which includes (a) mixing a
porous carbon material with sulfur particles, wherein the
sulfur particles have a particle size of 1 nm to 1 um using a
Henschel mixer; and (b) drying the resulting mixture of (a).
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SULFUR-CARBON COMPOSITE,
PREPARATION METHOD THEREOEF, AND
LITHIUM SECONDARY BATTERY
COMPRISING SAME

TECHNICAL FIELD

This application claims priority to Korean Patent Appli-
cation No. 10-2017-0158293 filed on Nov. 24, 2017 in the
Korean Intellectual Property Office (KIPO), the entire con-
tents of which are hereby incorporated by reference.

The present invention relates to a sulfur-carbon compos-
ite, a method of manufacturing the same, and a lithium
secondary battery comprising the same.

BACKGROUND ART

Secondary batteries are electric storage systems that can
be repeatedly charged and discharged unlike primary bat-
teries which can be discharged only once. Since the 1990s,
the secondary batteries have established themselves as the
main parts of portable electronic devices. In particular, since
lithium ion secondary batteries were commercialized by
Sony in 1992, they have led to the information age in the
field of the core parts for portable electronic devices such as
smart phones, digital cameras, notebook computers, and the
like.

In recent years, as the application area of the lithium ion
secondary batteries have expanded gradually, there is a
rapidly growing demand for the lithium ion secondary
batteries, which comprise middle-sized batteries used in the
fields such as cleaners, power sources for power tools,
electric bicycles, electric scooters, and high-capacity batter-
ies used in the fields such as electric vehicle (EVs), hybrid
electric vehicles (HEVs), plug-in hybrid electric vehicles
(PHEVs), various robots, and large-sized electric storage
systems (ESSs).

However, the lithium secondary batteries having the most
excellent characteristics among the secondary batteries com-
mercially available thus far also have several problems in
that they are difficult to be actively used in transport systems
such as electric vehicles, PHEVs, and the like. One of the
biggest problems is a capacity limit.

A lithium secondary battery is basically composed of
materials such as a cathode, an electrolyte, an anode, and the
like. Among theses, because the battery capacities are
decided by cathode and anode materials, the lithium ion
secondary battery has restrictions to the capacities due to the
limitation of the materials such as the cathode and the anode.
In particular, because secondary batteries used in the areas
such as electric vehicles, PHEVs, and the like have to last as
possible as they can after they are charged once, the dis-
charge capacity of the secondary batteries is considered to be
of' very importance. What is pointed out as one of the biggest
limitations to selling the electric vehicles is that they have a
very shorter mileage lifespan than conventional gasoline
engine automobiles after they are charged once.

Despite many efforts to do so, the limitations to the
capacities of such lithium secondary batteries may not be
completely solved due to the limitations to the structures and
materials of the lithium secondary batteries. Therefore, to
basically solve the problems regarding the capacities of the
lithium secondary batteries, there is a demand for develop-
ment of advanced secondary batteries which can reach
beyond the boundaries of the conventional secondary bat-
teries.
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A lithium-sulfur secondary battery is a novel high-capac-
ity and inexpensive battery system that may overcome the
battery capacity limits determined by the intercalation/
deintercalation of lithium ions to/from metal oxides and
graphite in a lamellar structure, a phenomenon of which is
called a basic principle for the conventional lithium ion
secondary batteries, and may lead to replacement of transi-
tion metals, cost cutting, etc.

A lithium-sulfur secondary battery has a theoretical
capacity of approximately 1,675 mAh/g, which is derived
from a conversion of lithium ions and sulfur (Sg+16Li*"+
16e™—8Li,S) in a cathode, and an anode uses a lithium
metal (theoretical capacity: 3,860 mAh/g), thereby making it
possible to manufacture battery systems with ultra-high
capacity. Also, because the lithium-sulfur secondary battery
has a discharge voltage of approximately 2.2 V, it theoreti-
cally has an energy density of 2,600 Wh/kg on the basis of
the amounts of cathode and anode active materials. This
value is 6 to 7 times higher than the theoretical energy
densities (400 Wh/kg) of typical lithium secondary batteries
(LiCoO,/graphite) in which metal oxides and graphite in a
lamellar structure are used.

Since the fact that the battery performance may be
remarkably improved through the nano-composite forma-
tion was known by 2010, the lithium-sulfur secondary
batteries have emerged as novel high-capacity, environmen-
tally-friendly and inexpensive lithium secondary batteries,
and made intensive studies of next-generation battery sys-
tems all over the world.

One of the main problems of the lithium-sulfur secondary
batteries found thus far is that a electrochemical reaction
does not easily occur in an electrode because the electrical
conductivity of sulfur is approximately 5.0x107'* S/cm,
which is close to those of non-conductive materials, and the
actual discharge capacity and voltage are much lower than
theoretical discharge capacity and voltage due to the very
high overvoltage. In the beginning, the researchers endeav-
ored to improve the performance using methods such as
mechanical ball milling using sulfur and carbon, surface
coating using carbon, and the like, but had no significant
effects.

To effectively solve the problem in which an electro-
chemical reaction is restricted due to the electrical conduc-
tivity, it is necessary to reduce the size of particles to several
tens of nanometers or less and treat surfaces of the particles
with a conductive material, as in examples of LiFePO, as
another cathode active material (electrical conductivity:
10~ S/cm to 107° S/cm). For this purpose, various chemical
methods (melt impregnation into nano-sized porous carbon
nanostructures or metal oxide structures), physical methods
(high energy ball milling), and the like are reported.

Another main problem regarding the lithium-sulfur sec-
ondary batteries is dissolution of lithium polysulfides, which
are intermediates of sulfur produced during a discharge
process, in an electrolyte. As a discharge process proceeds,
sulfur (Sg) continuously reacts with lithium ions to undergo
continbous  conversion of  phases:  Sg—=Li,Sg—
(Li,S¢)—Li,S,—~Li,S,—=Li,S. Among theses, [.i,Sg, [1,S,
(lithium polysulfide), and the like, all of which are in the
form of a chain in which sulfur is aligned in a long line, has
a property of being easily dissolved in conventional elec-
trolytes used in the lithium ion batteries. When such a
reaction occurs, the reversible cathode capacity may be
remarkably reduced, and dissolved lithium polysulfides may
spread to an anode, thereby causing various side reactions
therein.
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In particular, the lithium polysulfides cause a shuttle
reaction during a charge process. As a result, the charge/
discharge efficiency may be severely degraded due to a
continuous increase in charge capacity. In recent years,
various methods have been proposed to solve these prob-
lems, and may be mainly divided into a method of improv-
ing an electrolyte, a method of improving a surface of an
anode, a method of improving characteristics of a cathode,
and the like.

The method of improving an electrolyte is a method of
suppressing the dissolution of polysulfides in an electrolyte
using new electrolytes such as a functional liquid electrolyte
having a novel composition, a polymer electrolyte, an ionic
liquid, and the like, or suppressing a shuttle reaction to the
maximum extent by controlling a dispersion rate of poly-
sulfides into an anode under the control of viscosity, and the
like.

Studies have been actively conducted to improve charac-
teristics SEI formed on a surface of an anode in order to
control a shuttle reaction. In this case, the method comprises
a method of improving an electrolyte by introducing an
electrolyte additive such as LiNO, to form an oxide film
(such as LiNO,, Li SO, etc.) on a surface of a lithium
anode, a method of forming a thick functional SEI layer on
a surface of a lithium metal, and the like.

Finally, the method of improving characteristics of a
cathode comprises a method of forming a coating layer on
surfaces of cathode particles to prevent the dissolution of the
polysulfides or adding a porous material capable of scav-
enging the dissolved polysulfides, and the like. Typically, a
method of coating a surface of a cathode structure contain-
ing sulfur particles with a conductive polymer, a method of
coating a surface of a cathode structure with a metal oxide
into which lithium ions are conducted, a method of adding
a porous metal oxide, which may absorb a large amount of
lithium polysulfides, has a wide specific surface area and
contains high pores, to a cathode, a method of attaching a
functional group, which may adsorb the lithium polysul-
fides, to a surface of a carbon structure, a method of
surrounding sulfur particles with graphene or graphene
oxides, and the like have been proposed.

A sulfur/carbon composite that is a cathode active mate-
rial for lithium sulfur batteries has a great influence on the
reactivity and cycling stability of the cathode, depending on
the shape, structure, specific surface area, pore volume, and
the like of the composite. A degree of contact of carbon with
sulfur may be maximized, and the electric conductivity and
lithium ion conductivity may be ensured with increasing
specific surface area and pore volume, thereby making it
possible to expect driving of high-performance lithium-
sulfur batteries.

Therefore, there is a need to develop a process of manu-
facturing a sulfur/carbon composite, which satisfies the
requirements, is inexpensive, and may be produced in large
quantities.

In this regard, a conventional process of manufacturing a
sulfur-carbon composite involves dry-mixing sulfur and
carbon powder by means of a ball milling process, followed
by liquid impregnation of sulfur by heating. In this case, the
process has to be still improved because, when the sulfur and
carbon are mixed by means of the ball milling process,
carbon particles are pulverized to reduce the size of the
particles, resulting in decreased pore volume.

Accordingly, there is a need for new techniques to solve
these problems in complex ways and improve the perfor-
mance of the lithium-sulfur batteries.
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PRIOR-ART DOCUMENTS

Patent Documents

Patent Document 1: Korean Patent Publication No. 10-2015-
0135961 (Dec. 4, 2015) titled “A Method for Preparing
Sulfur-carbon composite by Dual Dry Complexation”

Patent Document 2: Korean Patent Publication No. 10-2016-
0037084 (Apr. 5, 2016) titled “Sulfur-Carbon Nanotube
Complex, Method of Preparing the Same, Cathode Active
Material for Lithium-Sulfur Battery Including the Same
and Lithium-Sulfur Battery Including the Same”

DISCLOSURE
Technical Problem

To solve the above problems, the present inventors have
found that a sulfur-carbon composite may be uniformly
manufactured without reducing a carbon particle size and a
pore volume when sulfur and carbon are mixed using a
Henschel mixer during the manufacture of the sulfur-carbon
composite applicable to a cathode for lithium-sulfur batter-
ies. Therefore, the present invention has been completed
based on these facts.

Therefore, an object of the present invention is to provide
a sulfur-carbon composite, which exhibits the initial dis-
charge capacity and high efficiency/capacity improved com-
pared to conventional sulfur-carbon composites when the
sulfur-carbon composite is manufactured without reducing a
size and a pore volume of carbon particles using a Henschel
mixer and applied to an electrode, and a method of manu-
facturing the same.

Technical Solution

To solve the above problems, according to one aspect of
the present invention, there is provided a sulfur-carbon
composite comprising a porous carbon material; and

sulfur,

wherein at least a portion of an inside and a surface of the
porous carbon material is coated with the sulfur,

the sulfur-carbon composite has a pore volume of 0.180
cm’/g to 0.300 cm®/g, and

the sulfur-carbon composite has an average pore size of
40.0 nm to 70.0 nm.

According to another aspect of the present invention,
there is provided a method of manufacturing a sulfur-carbon
composite, which comprises:

(a) mixing a porous carbon material with sulfur particles,
wherein the sulfur particles have a particle size of 1 nm to
1 um using a Henschel mixer; and

(b) drying the resulting mixture of (a).

According to still another aspect of the present invention,
there is provided a cathode for lithium-sulfur batteries
comprising the sulfur-carbon composite.

According to yet another aspect of the present invention,
there is provided a lithium-sulfur battery comprising the
cathode; an anode; and an electrolyte.

Advantageous Effects

When sulfur and carbon material are mixed using a
Henschel mixer to manufacture a sulfur-carbon composite
according to the present invention, the sulfur-carbon com-
posite can be uniformly manufactured without reducing a
size and a pore volume of carbon particles, and has an effect
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of exhibiting the initial discharge capacity and high effi-
ciency/capacity, which are improved when the sulfur-carbon
composite manufactured by the process is applied as a
cathode active material for lithium-sulfur batteries. There-
fore, the sulfur-carbon composite of the present invention
has advantages in that this process is simpler than a con-
ventional ball milling process, and it can be easily mass-
produced.

DESCRIPTION OF DRAWINGS

FIG. 1 shows an image of an inner structure of a Henschel
mixer according to the present invention.

FIG. 2 is an SEM image obtained by taking a picture of
a sulfur-carbon composite according to an example of the
present invention.

FIG. 3 is an SEM image obtained by taking a picture of
a sulfur-carbon composite according to a comparative
example of the present invention.

FIG. 4 is a graph illustrating the results of measuring pore
sizes of the sulfur-carbon composites according to the
example and comparative example of the present invention.

FIG. 5 is a graph illustrating the discharge capacities of
lithium-sulfur batteries manufactured with the sulfur-carbon
composites according to the example and comparative
example of the present invention.

FIG. 6 is a graph illustrating the lifespan characteristics of
the lithium-sulfur batteries manufactured with the sulfur-
carbon composites according to the example and compara-
tive example of the present invention.

BEST MODE

Hereinafter, the present invention will be described in
further detail with reference to the accompanying drawings
so that a person having ordinary skill in the art to which the
present invention belongs can easily put the invention into
practice. However, it should be understood that the present
invention may be embodied in various forms, but is not
intended to be limiting in this context.

In the drawings, the description of parts regardless of the
detailed description will be omitted to describe the present
invention more clearly. Throughout this specification, like
parts are designated by like reference numerals. Also, sizes
and relative sizes of elements in the drawings are not shown
in actual scales, and may be exaggerated or diminished for
the sake of convenience of description.

The terms and words used in this specification and the
claims are not to be construed as having common and
dictionary meanings but are construed as having meanings
and concepts corresponding to the technical spirit of the
present invention in view of the principle that the present
inventor can properly define the concepts of the terms and
words in order to describe his/her invention with the best
method.

The term “composite” used in this specification refers to
a material that exhibits more effective functions while
combining two or more materials to form physically and
chemically different phases.

A lithium-sulfur battery uses sulfur and a lithium metal as
a cathode active material and an anode active material,
respectively. When the lithium-sulfur battery is discharged,
an oxidation reaction of lithium occurs in the anode, and a
reduction reaction of sulfur occurs in the cathode. In this
case, the reduced sulfur binds to lithium ions moving from
the anode, and converted to lithium polysulfides, which are
finally subjected to a reaction for forming lithium sulfide.
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The lithium-sulfur battery has advantages in that the
lithium-sulfur battery has a very high theoretical energy
density, compared to conventional lithium secondary batter-
ies, and sulfur used as the cathode active material is rich in
resources and inexpensive, thereby reducing the manufac-
turing costs of batteries. Therefore, the lithium-sulfur battery
has come into the spotlight as one of next-generation bat-
teries.

In spite of these advantages, the lithium-sulfur battery has
a difficulty in realizing the entire theoretical energy density
when the lithium-sulfur battery is actually driven due to the
low electrical conductivity of sulfur as the cathode active
material and the low ionic conduction characteristics of
lithium ions.

To improve the electrical conductivity of sulfur, a method
of forming a composite with a conductive material such as
carbon, a polymer, and the like, and coating the composite
is used. In various methods, because a sulfur-carbon com-
posite is effective in improving the electrical conductivity of
a cathode, the sulfur-carbon composite is most often used as
the cathode active material, but is not sufficient in terms of
the charge/discharge capacity and efficiency. The capacity
and efficiency of the lithium-sulfur battery may depend on
quantities of lithium ions transferred to the cathode. There-
fore, to manufacture batteries with high capacity and high
efficiency, it is important to promote the transfer of the
lithium ions into the sulfur-carbon composite.

Sulfur-Carbon Composite

Accordingly, to secure the reactivity between a sulfur-
carbon composite and a electrolyte solution and an effect of
improving the capacity and efficiency characteristics of a
lithium-sulfur battery in the present invention, a sulfur-
carbon composite in which the inside and surface of a porous
carbon material is coated with sulfur is provided. The inside
of the porous carbon material is intended to have meanings
encompassing the inside of pores in the porous carbon
material.

The sulfur-carbon composite of the present invention
comprises a porous carbon material, wherein at least a
portion of an inside and a surface of the porous carbon
material is coated with the sulfur.

The porous carbon material of the sulfur-carbon compos-
ite according to the present invention provides a framework
in which sulfur that is a cathode active material may be
uniformly and stably fixed, and is allowed to compensate for
the electrical conductivity of sulfur in order to smoothly
perform an electrochemical reaction.

The porous carbon material is in a spherical, rod-type,
acicular, platy, tubular, or bulky shape, and thus may be used
without limitation as long as the porous carbon material is
commonly used in lithium-sulfur batteries.

The porous carbon material has a porous structure or a
high specific surface area, and thus may be used as long as
the porous carbon material is commonly used in the related
art. For example, the porous carbon material may comprise
one or more selected from the group consisting of graphite;
graphene; carbon blacks such as denka black, acetylene
black, Ketjen black, channel black, furnace black, lamp
black, thermal black, and the like; carbon nanotubes (CNTs)
such as single-walled carbon nanotubes (SWCNTs), multi-
walled carbon nanotubes (MWCNTs), and the like; carbon
fibers such as graphite nanofibers (GNFs), carbon nanofibers
(CNFs), activated carbon fibers (ACFs), and the like; and
activated charcoal, but the present invention is not limited
thereto.

A porous carbon material having a particle diameter of
100 nm to 50 um may be used as the porous carbon material.
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In the sulfur-carbon composite of the present invention,
sulfur may comprise one or more selected from the group
consisting of inorganic sulfur (Sg), Li,Sn (nz1), an organic
sulfur compound, and a carbon-sulfur polymer [(C,S)),
where x=2.5 to 50, and n=2]. Preferably, inorganic sulfur
(Sg) may be used.

Also, the sulfur is disposed on a surface of the porous
carbon material as well as the inside of the porous carbon
material. In this case, the sulfur may be present on a surface
of the porous carbon material so that the sulfur accounts for
less than 100%, preferably 1 to 95%, and more preferably 60
to 90% of the entire outside surface of the porous carbon
material. When the sulfur is present on the surface of the
porous carbon material within this surface area range, the
sulfur may have the maximum effect in terms of an electron
transfer area and the wetness of an electrolyte solution.
Specifically, because the sulfur is uniformly impregnated in
a surface of the porous carbon material when present within
this surface area range, an electron transfer/contact area may
increase during a charge/discharge process. When the sulfur
is disposed so that the sulfur accounts for 100% of the
surface of porous carbon material, the porous carbon mate-
rial may be completely coated with sulfur, resulting in
degraded wetness of the electrolyte solution. Also, the sulfur
does not receive electrons due to degraded contact charac-
teristics with a conductive material comprised in an elec-
trode, thereby making it impossible for the sulfur to partici-
pate in reactions.

The sulfur-carbon composite may have pores having
various sizes in the structure thereof, and thus may be used
to support a large content of sulfur due to the pores inter-
connected three-dimensionally and aligned in a regular
manner. As a result, although soluble polysulfides are gen-
erated by an electrochemical reaction, when the polysulfides
are disposed inside the sulfur-carbon composite, the three-
dimensionally entangled structure of the sulfur-carbon com-
posite may be maintained even when the polysulfides flows
out of the sulfur-carbon composite, thereby suppressing the
breakup of the cathode structure. As a result, the lithium-
sulfur battery comprising the sulfur-carbon composite has an
advantage in that it may be realized with high capacity even
when present in a high loading level. The sulfur-carbon
composite according to the present invention may have a
sulfur loading level of 1 to 20 mg/cm?.

In the sulfur-carbon composite according to the present
invention, the weight ratio of the sulfur and the porous
carbon material as described above may be in a range of
7.5:2.5 10 4:6, preferably 7.5:2.5 to 6:4. When the content of
sulfur is less than this weight ratio range, an amount of an
added binder required to prepare a cathode slurry increases
with an increasing content of the porous carbon material. An
increase in such an added binder eventually increases the
sheet resistance of electrodes. In this case, the binder may
serve as an insulator interfering with the electron pass,
resulting in degraded performance of cells. On the other
hand, when the content of sulfur is greater than this weight
ratio range, the sulfur may be entangled by itself, and may
not easily receive electrons, which makes it difficult to
participate directly in an electrode reaction. In particular, the
sulfur-carbon composite does not satisfy a pore volume, a
specific surface area, and an average pore size, as will be
described below.

In general, the porous carbon material may be prepared by
carbonizing a precursor made of various carbon materials. In
this case, such a porous carbon material may have pores
having an average diameter of approximately 40 nm to 70
um formed therein.
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However, in the sulfur-carbon composite of the present
invention, a change in sizes of the pores of the porous carbon
material may be caused because portions of the inner and
outer surfaces of the porous carbon material are coated with
sulfur, particularly because the inside of the pores of the
porous carbon material is coated with sulfur.

In the case of sulfur-carbon composites prepared by
conventional methods, because sulfur particles used for this
preparation has a size of several tens of micrometers, such
sulfur particles may not be easily introduced into the inside
of the pores of the porous carbon material even when the
inside of the pores of the porous carbon material is coated
with the sulfur particles. Rather, entrances of the pores may
be clogged with the sulfur particles. Therefore, a decrease in
entrances of the pores may rather be caused while the
specific surface area, pore size and pore volume of the
sulfur-carbon composite are measured.

However, when the sulfur-carbon composite is manufac-
tured by the method of the present invention, the particles of
the porous carbon material may be pulverized. In this case,
the sulfur-carbon composite has an effect of preventing a
decrease in volume of the pores because a problem of
reducing the size of particles is solved. Therefore, the inside
of pores of the porous carbon material may be thinly and
uniformly coated with sulfur having a particle size of less
than 1 micrometer.

Therefore, because a decrease in size of the particles of
the porous carbon material may be prevented in the sulfur-
carbon composite of the present invention, the sulfur-carbon
composite may have a pore volume of 0.180 cm*/g to 0.300
cm®/g, preferably 0.200 cm®/g to 0.250 cm’/g.

Also, because the decrease in size of the particles of the
porous carbon material may be prevented, the sulfur-carbon
composite may have an average pore size of 40.0 nm to 70.0
nm, preferably 50.0 nm to 65.0 nm.

When the sulfur-carbon composite of the present inven-
tion satisfies the pore volume and average pore size ranges,
the inside of the pores of the porous carbon material may be
thinly and uniformly coated with sulfur. In this case, when
the sulfur-carbon composite is applied to electrodes, the
electrodes may have excellent discharge capacity and lifes-
pan characteristics. When the sulfur-carbon composite does
not satisfy the pore volume and average pore size ranges, the
pores may not be coated with sulfur, or the inlets of pores
may be clogged with sulfur. As a result, when the sulfur-
carbon composite is used in electrodes, the sulfur-carbon
composite does not satisty the discharge capacity and lifes-
pan characteristics required by users.

Method of Manufacturing a Sulfur-Carbon Composite

The sulfur-carbon composite of the present invention may
be manufactured by (a) mixing a porous carbon material
with sulfur having a particle size of 1 nm to 1 um using a
Henschel mixer; and (b) drying the sulfur/porous carbon
material mixture.

First of all, the method of manufacturing a sulfur-carbon
composite according to the present invention comprises (a)
mixing a porous carbon material with sulfur having a
particle size of 1 nm to 1 pm using a Henschel mixer.

In step (a), when the sulfur and the porous carbon material
are mixed, a weight ratio of the sulfur and the porous carbon
material may be in a range of 7.5:2.5 to 4:6, preferably
7.5:2.5 to 6:4. When the content of sulfur is less than the
weight ratio range, an amount of an added binder required
to prepare a cathode slurry increases with an increasing
content of the porous carbon material. An increase in such
an added binder eventually increases the sheet resistance of
electrodes. In this case, the binder may serve as an insulator
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interfering with the electron pass, resulting in degraded
performance of cells. On the other hand, when the content of
sulfur is greater than this weight ratio range, the sulfur may
be entangled by itself, and may not easily receive electrons,
which makes it difficult to participate directly in an electrode
reaction. In particular, the sulfur-carbon composite does not
satisfy a pore volume, a specific surface area, and an average
pore size, as will be described below.

The Henschel mixer used in the present invention refers
to machine equipment that uniformly stirs and blends mate-
rials while rotating a specially tailored impeller as shown in
FIG. 1 at a high speed. In the present invention, the Henschel
mixer is used to mix the sulfur and the porous carbon
material.

To manufacture the sulfur-carbon composite comprised in
the cathode active material of the lithium-sulfur battery,
dry-mixing of the sulfur and the carbon material by means
of a ball-milling process is mainly used in the art. When the
sulfur and the carbon material are mixed through such a ball
milling process, carbon particles may be unduly pulverized
during mixing of sulfur and carbon, thereby reducing the
size of the carbon particles, which results in a decrease in
volume of pores.

The mixing by the Henschel mixer of the present inven-
tion may be performed at a speed of 500 to 3000 rpm. When
the mixing is performed at a speed less than this speed range,
the sulfur and the porous carbon material are not mixed
thoroughly, resulting in degraded efficiency of batteries. On
the other hand, when the mixing is performed at a speed
greater than this speed range, the particles of the porous
carbon material may be pulverized, resulting in decreased
pore volume of the carbon material. Therefore, the mixing
speed is adjusted within this speed range. The particle size
is easily controlled within this range of the mixing speed,
and a particle size distribution of the sulfur-carbon compos-
ite disclosed herein may be achieved.

The mixing by the Henschel mixer of the present inven-
tion may be performed for 15 minutes to 3 hours. When the
mixing is performed for a period less than this time range,
the sulfur and the porous carbon material are not mixed
thoroughly, resulting in degraded efficiency of batteries. On
the other hand, when the mixing is performed for a period
greater than this time range, the particles of the porous
carbon material may be pulverized due to the excessive
mixing, resulting in decreased pore volume of the carbon
material. Therefore, the mixing time is adjusted within this
time range.

The sulfur-carbon composite according to the present
invention may have particle size distributions d90, d10, and
d50 of 100 um to 140 pm, 7 um to 15 pm, and 30 um to 70
um, respectively, and preferably particle size distributions
d90, d10, and d50 of 110 pm to 130 um, 8 um to 12 pm, and
40 um to 60 pum, respectively, because the sulfur and the
porous carbon material are mixed at this speed range by
means of the Henschel mixer.

As disclosed herein, the d10, d90 and d50 refer to particle
sizes measured at points of 10%, 90% and 50% from the
smallest particle size in the particle size distribution, respec-
tively.

The sulfur used in step (a) has a particle size of 1 nm to
1 um, and has the same characteristics as described above.
Also, the characteristics of the porous carbon material are as
described above.

Next, the method of manufacturing a sulfur-carbon com-
posite according to the present invention comprises (b)
drying the sulfur/porous carbon material mixture.
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The drying method may be performed for 15 minutes to
2 hours in an oven at 130° C. to 180° C.

Therefore, in the sulfur-carbon composite manufactured
by the method of manufacturing a sulfur-carbon composite
according to the present invention, when sulfur and carbon
are mixed by the Henschel mixer, the sulfur-carbon com-
posite may have a pore volume of 0.180 cm®/g to 0.300
cm’/g, preferably 0.200 cm®/g to 0.250 cm®/g, and an
average pore size of 40.0 nm to 70.0 nm, preferably 50.0 nm
to 65.0 nm.

Cathode for Lithium-Sulfur Batteries

The sulfur-carbon composite provided in the present
invention may be preferably used as the cathode active
material for lithium-sulfur batteries.

The cathode is manufactured by applying a composition
for forming a cathode active material layer onto a cathode
current collector and drying the cathode current collector.

Specifically, to endow the manufacture sulfur-carbon
composite with additional conductivity, the cathode compo-
sition may further comprise a conductive material. The
conductive material serves to promote the transfer of elec-
trons into a cathode, and is not particularly limited as long
as the conductive material exhibits excellent conductivity
and has a wide surface area without causing a chemical
change in batteries. Preferably, a carbon-based material is
used.

The carbon-based material that may be used herein com-
prises one or more selected from the group consisting of
graphite-based materials such as natural graphite, artificial
graphite, expandable graphite, graphene; active carbon-
based materials; carbon black-based materials such as chan-
nel black, furnace black, thermal black, ketjen black, lamp
black, acetylene black; carbon fiber-based materials; carbon
nanostructures such as carbon nanotubes (CNT), fullerene;
and combinations thereof.

In addition to the carbon-based materials, metallic fibers
such as metal meshes, and the like; metallic powders such as
copper (Cu), silver (Ag), nickel (Ni), aluminum (Al), and the
like; or organic conductive materials such as polyphenylene
derivatives, and the like may also be used according to a
purpose. The conductive materials may be used alone or in
combination.

Also, to provide the cathode active material with adhesion
to a current collector, the cathode composition may further
comprise a binder. The binder should be easily dissolved in
a solvent, and easily form a conductive network between a
cathode active material and a conductive material, and have
an impregnation property in an electrolyte solution as well.

Binders applicable to the present invention may be all
types of binders known in the related art. Specifically, the
binder may be one or a mixture or copolymer of two or more
selected from the group consisting of fluorine resin-based
binders comprising polyvinylidene fluoride (PVdF) or poly-
tetrafluoroethylene (PTFE); rubber-based binders compris-
ing a styrene-butadiene rubber, an acrylonitrile-butadiene
rubber, a styrene-isoprene rubber; cellulose-based binders
comprising carboxymethyl cellulose (CMC), starch,
hydroxypropy! cellulose, regenerated cellulose; polyalco-
hol-based binders; polyolefin-based binders comprising
polyethylene, polypropylene; polyimide-based binders;
polyester-based binders; and silane-based binders, but the
present invention is not limited thereto.

A content of the binder resin may be in a range of 0.5 to
30% by weight, based on the total weight of the cathode for
lithium-sulfur batteries, but the present invention is not
limited thereto. When the content of the binder resin is less
than 0.5% by weight, the cathode active material and the
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conductive material may be eliminated due to degraded
physical properties of the cathode. On the other hand, when
the content of the binder resin is greater than 30% by weight,
the battery capacity may be degraded due to a relative
decrease in ratio of the active material and the conductive
material in the cathode.

A solvent used to prepare a cathode composition for
lithium-sulfur batteries in a slurry phase should be easily
dried, and may be used to dissolve a binder easily. In this
case, the cathode active material and the conductive material
are most preferably maintained in a dispersed state without
being dissolved. When the cathode active material is dis-
solved in the solvent, sulfur has a high specific gravity
(D=2.07) in the slurry so that the sulfur settles down in the
slurry. As a result, because sulfur may converge around the
current collector during a coating process, problems may be
caused in the conductive network, which leads to opera-
tional problems in batteries.

The solvent according to the present invention may be
water or an organic solvent, and an organic solvent com-
prising one or more selected from the group consisting of
dimethylformamide, isopropyl alcohol, acetonitrile, metha-
nol, ethanol, tetrahydrofuran, and the like may be used as the
organic solvent.

The mixing of the cathode composition may be performed
while stirring using a conventional mixer, for example a
Latte’s mixer, a high-shear mixer, a homo-mixer, and the
like.

The cathode composition may be applied to the current
collector, and dried under vacuum to form a cathode for
lithium-sulfur batteries. The current collector may be coated
to a proper thickness with the slurry, depending on the
viscosity of the slurry and the thickness of the cathode to be
formed. Preferably, the thickness of the current collector
may be properly selected within a range of 10 um to 300 pm.

In this case, a method of coating the slurry is not limited.
For example, the coating may be performed using a method
such as doctor blade coating, dip coating, gravure coating,
slit die coating, spin coating, comma coating, bar coating,
reverse roll coating, screen coating, cap coating, and the
like.

The cathode current collector may be generally manufac-
tured to a thickness of 3 um to 500 pum, and are not
particularly limited as long as it has high conductivity
without causing a chemical change in batteries. For
example, conductive metals such as stainless steel, alumi-
num, coppet, titanium, and the like may be used. Preferably,
an aluminum current collector may be used. Such a cathode
current collector may be realized in various forms such as
films, sheets, foil, nets, porous bodies, foams, or non-woven
fabrics.

Lithium-Sulfur Battery

As one exemplary embodiment of the present invention,
lithium-sulfur battery may comprise the aforementioned
cathode for lithium-sulfur batteries; an anode comprising a
lithium metal or a lithium alloy as an anode active material;
separator interposed between the cathode and the anode; and
an electrolyte impregnated into the anode, the cathode and
the separator and comprising a lithium salt and an organic
solvent.

For the anode, a material enabling reversible intercalation
or deintercalation of lithium ions (Li"), a material capable of
reacting with lithium ions to reversibly form a lithium-
containing compound, a lithium metal, or a lithium alloy
may be used as the anode active material. For example, the
material enabling reversible intercalation or deintercalation
of lithium ions may be crystalline carbon, amorphous car-
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bon, or a mixture thereof. For example, the material capable
of reacting with lithium ions to reversibly form a lithium-
containing compound may be tin oxide, titanium nitrate, or
silicone. For example, the lithium alloy may be an alloy of
lithium and a metal selected from the group consisting of
Na, K, Rb, Cs, Fr, Be, Mg, Ca, Sr, Ba, Ra, Al, and Sn.

Also, in a process of charging/discharging the lithium-
sulfur battery, sulfur used as the cathode active material may
be converted into an inactive material, which may then be
attached to a surface of a lithium anode. As such, inactive
sulfur refers to sulfur which can no longer participate in an
electrochemical reaction of the cathode because it has under-
gone various electrochemical or chemical reactions. Accord-
ingly, the inactive sulfur formed on the surface of the lithium
anode also has an advantage in that it serves as a protective
layer of the lithium anode. Therefore, a lithium metal and
inactive sulfur (such as lithium sulfide) formed on the
lithium metal may also be used as the anode.

In addition to the anode active material, the anode of the
present invention may further comprise a pretreatment layer
made of a lithium ion conductive material, and a lithium
metal-protecting layer formed on the pretreatment layer.

The separator interposed between the cathode and the
anode serves to separate or insulate the cathode and the
anode from each other and allow the transfer of lithium ions
between the cathode and the anode, and may be made of a
porous non-conductive or insulating material. Such a sepa-
rator is an insulator having high ion permeability and
mechanical strength. In this case, the separator may be a
separate member such as a thin film or a film, and may also
be a coating layer added to the cathode and/or anode. Also,
when a solid electrolyte such as a polymer is used as the
electrolyte, the solid electrolyte may serve as the separator
as well.

Generally, the separator preferably has a pore diameter of
0.01 um to 10 um and a thickness of 5 pum to 300 um. A glass
electrolyte, a polymer electrolyte, or a ceramic electrolyte
may be used as such a separator. For example, sheets,
non-woven fabrics, or kraft papers, all of which are made of
olefin-based polymers (such as chemically resistant and
hydrophobic polypropylene, etc.), glass fibers, or polyeth-
ylenes, are used. Representative examples of commercially
available separators comprise Celgard® series (Celgard®
2400, 2300 commercially available from Hoechest Celanese
Corp.), polypropylene separators (commercially available
from Ube Industries Ltd. or Pall RAI), polyethylene series
(Tonen or Entek), and the like.

The electrolyte separator in a solid phase may also
comprise less than approximately 20% by weight of a
non-aqueous organic solvent. In this case, the electrolyte
separator may further comprise a proper gelling agent to
reduce the fluidity of the organic solvent. Representative
examples of such a gelling agent comprise polyethylene
oxide, polyvinylidene fluoride, polyacrylonitrile, and the
like.

The electrolyte impregnated into the anode, the cathode
and the separator is a non-aqueous electrolyte containing a
lithium salt, and is composed of a lithium salt and an
electrolyte solution. In this case, a non-aqueous organic
solvent, an organic solid electrolyte, and an inorganic solid
electrolyte are used as the electrolyte solution.

The lithium salt of the present invention is a material that
is easily dissolved in a non-aqueous organic solvent, and
may, for example, comprise one or more selected from the
group consisting of LiSCN, LiCl, LiBr, Lil, LiPF, LiBF,,
LiSbF,, LiAsF,, LiB,,Cl, LiCH;S0,, LiCF;SO0;,
LiCF,CO,, LiClO,, LiAICl,, LiC(CF;S0,),, LiN(FSO,),,
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LiN(CF;S80,),, LiN(C,Fs80,),, LiN(SFO,),, LiN
(CF;CF,80,),, chloroboran lithium, lower aliphatic lithium
carbonate, lithium tetraphenylborate, lithium imide, and
combinations thereof.

A concentration of the lithium salt may be in a range of
0.2 to 2 M, particularly 0.6 to 2 M, and more particularly 0.7
to 1.7 M, depending on various factors such as an exact
composition of the electrolyte mixture, the solubility of the
salt, the conductivity of a salt to be dissolved, the charge/
discharge conditions for batteries, the working temperature,
and other factors known in the field of lithium batteries.
When the lithium salt is used at a concentration of less than
0.2 M, the performance of an electrolyte may be degraded
due to a drop in conductivity of the electrolyte. On the other
hand, when the lithium salt is used at a concentration of
greater than 2 M, the mobility of lithium ions (Li*) may be
reduced due to an increase in viscosity of the electrolyte.

The non-aqueous organic solvent should serve to dissolve
the lithium salt sufficiently. For example, aprotic organic
solvents such as N-methyl-2-pyrrolidinone, propylene car-
bonate, ethylene carbonate, butylene carbonate, dimethyl
carbonate, diethyl carbonate, ethyl methyl carbonate,
gamma-butyrolactone, 1,2-dimethoxy ethane, 1,2-diethoxy
ethane, tetrahydrofuran, 2-methyl tetrahydrofuran, dimethyl
sulfoxide, 1,3-dioxolane, 4-methyl-1,3-dioxane, diethyl
ether, formamide, dimethylformamide, dioxolane, acetoni-
trile, nitromethane, methyl formate, methyl acetate, phos-
phate triester, trimethoxy methane, dioxolane derivatives,
sulforane, methyl sulforane, 1,3-dimethyl-2-imidazolidi-
none, propylene carbonate derivatives, tetrahydrofuran
derivatives, ether, methyl propionate, ethyl propionate, and
the like may be used as the non-aqueous organic solvent of
the present invention. In this case, the organic solvent may
be one organic solvent or a mixture of two or more organic
solvents.

For example, polyethylene derivatives, polyethylene
oxide derivatives, polypropylene oxide derivatives, phos-
phate ester polymers, polyalginate lysine, polyester sulfide,
polyvinyl alcohols, polyvinylidene fluoride, and polymers
containing ionic dissociation groups may be used as the
organic solid electrolyte.

For example, nitrides, halides, sulfate, and the like of Li
such as LizN, Lil, Li;NI,, Li;N—Lil—LiOH, LiSiO,,
LiSiO4-Lil—LiOH, Li,SiS;, LiSiO, Li,SiO,—Lil—
LiOH, Li,PO4-L1,5—SiS,, and the like may be used as the
inorganic solid electrolyte.

To improve the charge/discharge characteristics, flame
retardancy, and the like, for example, pyridine, triethylphos-
phite, triethanolamine, cyclic ether, ethylenediamine,
n-glyme, hexamethylphosphoric triamide, nitrobenzene
derivatives, sulfur, quinone imine dyes, N-substituted oxa-
zolidinone, N,N-substituted imidazolidine, ethylene glycol
dialkyl ether, ammonium salts, pyrrole, 2-methoxy ethanol,
aluminum trichloride, or the like may also be added to the
electrolyte solution of the present invention. When neces-
sary, the electrolyte solution may further comprise a halo-
gen-containing solvent such as carbon tetrachloride, ethyl-
ene trifluoride, or the like in order to impart incombustibility.
Also, the electrolyte solution may further comprise carbon
dioxide gas in order to improve high-temperature preserva-
tive characteristics, and may also further comprise fluoro-
ethylene carbonate (FEC), propene sultone (PRS), fluoro-
propylene carbonate (FPC), and the like.

The electrolyte may be used as a liquid-phase electrolyte,
and may also be used in the form of a solid-phase electrolyte
separator. When the electrolyte is used as a liquid-phase
electrolyte, separators made of porous glass, plastics, ceram-
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ics, or polymers are further comprised as physical separators
serving to physically separate the electrode.

MODE FOR INVENTION

Hereinafter, the present invention will be described in
further detail with reference to examples thereof. However,
it should be understood that the scope and contents of the
present invention are not intended to be construed as reduc-
ing or limiting by the following examples. Also, it will also
be apparent that a person having ordinary still in the art may
easily put this invention, in which experimental results are
not specifically provided, into practice based on the disclo-
sure of the present invention comprising the following
examples, and that such changes and modifications fall
within the appended claims.

EXAMPLES

Manufacture of sulfur-carbon composite
Example 1

78 g of sulfur and 30 g of carbon were put into a 1 L
Henschel mixer, and mixed for an hour at 1,500 rpm. The
sulfur/carbon mixture was dried for 30 minutes in an oven
at 155° C. to manufacture a sulfur-carbon composite.

Comparative Example 1

270 g of ZrO, balls having a diameter of 5 mm, 23.4 g of
sulfur, and 9 g of carbon were put into a 1 L container, and
ball-milled at 200 rpm for 3 minutes to mix the sulfur and
the carbon. Thereafter, the mixture was heated for 30 min-
utes in an oven at 155° C. to manufacture a sulfur-carbon
composite.

Experimental Example 1: Evaluation of Physical
Properties of Composites

(SEM Analysis and Particle Size Analysis Results)

Images of the sulfur-carbon composites manufactured in
Example 1 and Comparative Example 1 were taken under a
scanning electron microscope (SEM, S-4800, HITACHI),
and are shown in FIGS. 2 and 3.

Also, the average particle sizes (410, d90 and d50) of the
sulfur-carbon composites manufactured in Example 1 and
Comparative Example 1 were determined in a range of 0.4
um to 2,000 um using a particle size analyzer (Beckman
Coulter [.S13320 Lase diffraction particle size analyzer
model). The results are listed in Table 1.

TABLE 1
Particle size (um)
d1o ds0 dgo
Example 1 9.02 55.8 122.0
Comparative 6.72 18.2 33.6
Example 1

As shown in FIGS. 2 and 3, it can be seen that the
sulfur-carbon composite of Example 1 contained a number
of large particles having a particle size of 100 um or more,
but the sulfur-carbon composite of Comparative Example 1
contained most particles having a particle size of 30 um or
less.
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(Comparison of Pore Structures)

The pore sizes, specific surface areas, and pore volumes
of the sulfur-carbon composites manufactured in Example 1
and Comparative Example 1 were measured using a nitrogen
adsorption system (BELSorp, BEL). The results are listed in
Table 2 and shown in FIG. 4.

TABLE 2
Specific surface Pore volume Average pore
area (m?/g) (em®/g) (nm)
Example 1 16.09 0.237 58.8
Comparative 18.75 0.160 34.1
Example 1

Based on the readings listed in Table 2 and shown in FIG.
4, it can be seen that both of the pore volume and average
pore of the sulfur-carbon composite manufactured in
Example 1 were increased.

Experimental Example 2: Evaluation of Physical
Properties of Batteries

(Manufacture of Batteries)

Each of the sulfur-carbon composite manufactured in
Example 1 and Comparative Example 1, a binder (poly
(lithium acrylate) (LiPAA)/polyvinyl alcohol (PVA) mixed
at 6.5:0.5), and a conductive material (Vapor Grown Carbon
Fiber (VGCF)) were mixed at a weight ratio of 88:7:5 to
prepare a slurry. Thereafter, a current collector made of
aluminum foil having a thickness of 20 pm was coated with
the slurry to manufacture an electrode.

A coin cell was manufactured using the manufactured
electrode and a lithium metal as a cathode and an anode,
respectively. In this case, an electrolyte solution prepared
from 2-Me-THF/DOL/DME (1:1:1), 1 M LiN(CF;S0,),
(LiTFSI), and 0.1 M LiNO; was used in the coin cell. As the
solvents used, 2-Me-THF, DOL, and DME represent
2-methyl tetrahydrofuran, dioxolane, and dimethyl ether,
respectively.

The capacities of the manufacture coin cells were mea-
sured in a range of 1.5to 2.8 V. The results are listed in Table
3 and shown in FIG. 5.

TABLE 3
Discharge capacity
Items [mANWg]
Example 1 1,116
Comparative Example 1 1,070

As shown in Table 3 and FIG. 5, it can be seen that the
overvoltage of Example 1 was reduced and the initial
discharge capacity was improved in the case of Comparative
Example 1 and Example 1 having the same sulfur:carbon
ratio.

Also, the manufactured coin cells were charged at 0.1 C
rate CC and discharged at 0.1 C rate CC for 2.5 cycles,
repeatedly changed/discharged for 3 cycles at 0.2 C/0.2 C,
and then repeatedly changed/discharged for 70 cycles at 0.3
C/0.5 C to measure the charge/discharge efficiencies. (CC:
Constant Current)
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The results were able to be confirmed as shown in FIG. 6,
and it can be seen that the lifespan characteristics of
Example 1 were improved, compared to those of Compara-
tive Example 1.

The invention claimed is:

1. A sulfur-carbon composite comprising:

a porous carbon material; and

sulfur,

wherein at least a portion of an inside and a surface of the
porous carbon material is coated with the sulfur,

the sulfur-carbon composite has a pore volume of 0.180
cm?/g to 0.300 cm®/g, and

the sulfur-carbon composite has an average pore size of
40.0 nm to 70.0 nm,

wherein the sulfur-carbon composite has particle size
distributions d90, d10, and d50 of 100 um to 140 um,
7 um to 15 pm, and 30 pm to 70 pum, respectively.

2. The sulfur-carbon composite of claim 1, wherein the
sulfur-carbon composite has a pore volume of 0.200 cm®/g
to 0.250 cm®/g, and

the sulfur-carbon composite has an average pore size of
50.0 nm to 65.0 nm.

3. The sulfur-carbon composite of claim 1, wherein the
porous carbon material is in a form of a particle and has a
diameter of 100 nm to 50 pm.

4. The sulfur-carbon composite of claim 1, wherein the
sulfur and the porous carbon material are present in the
sulfur-carbon composite at a weight ratio of 7.5:2.5 to 4:6.

5. The sulfur-carbon composite of claim 1, wherein the
porous carbon material comprises one or more selected from
the group consisting of graphite, graphene, carbon black,
carbon nanotubes, carbon fibers, and activated charcoal.

6. A cathode for lithium-sulfur batteries comprising the
sulfur-carbon composite defined in claim 1.

7. A lithium-sulfur battery comprising the cathode defined
in claim 6; an anode; and an electrolyte.

8. A method of manufacturing a sulfur-carbon composite
according to claim 1, comprising:

(a) mixing a porous carbon material with sulfur particles,
wherein the sulfur particles have a particle size of 1 nm
to 1 um using a Henschel mixer; and

(b) drying the resulting mixture of (a).

9. The method of claim 8, wherein the mixing by the
Henschel mixer is carried out at a rate of 500 rpm to 3,000
rpm.

10. The method of claim 8, wherein the mixing by the
Henschel mixer is carried out for 15 minutes to 3 hours.

11. The method of claim 8, wherein the sulfur-carbon
composite has particle size distributions d90, d10, and d50
of 110 pm to 130 pum, 8 um to 12 pum, and 40 pm to 60 pm,
respectively.

12. The method of claim 8, wherein the porous carbon
material comprises one or more selected from the group
consisting of graphite, graphene, carbon black, carbon nano-
tubes, carbon fibers, and activated charcoal.

13. The method of claim 8, wherein the drying in step (b)
is carried out at 130° C. to 180° C. for 15 minutes to 2 hours
in an oven.

14. The method of claim 8, wherein the sulfur and the
porous carbon material are present in the sulfur-carbon
composite at a weight ratio of 7.5:2.5 to 4:6.
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